A new fatigue life prediction approach for notched components is proposed under multiaxial cycle loading. Firstly, the pseudo equivalent strain-real equivalent stress relationship is determined by utilizing the Neuber's rule and the material stress-strain relation under proportional loading. Secondly, the pseudo elastic strain histories at the notch need to be solved for the investigated notched components under multiaxial cyclic loading. Thirdly, for the pseudo elastic strain histories, it is proposed that the Shang-Wang multiaxial fatigue damage parameter can be used to substitute the equivalent strain under proportional loading to take account of the additional hardening due to the non-proportionality of external loadings. Meanwhile, the real equivalent stress amplitude at the notch can be solved. Fourthly, based on the real equivalent stress amplitude at the notch integrated with the Neuber's rule, the real equivalent strain amplitude can be determined. Finally, the real equivalent strain amplitude is utilized to predict the fatigue crack initiation lifetime of notched components. The proposed method is verified by the experimental data of SAE 1045 notched shaft specimens under proportional and non-proportional cyclic loading. The results showed the prediction errors are mostly within a factor of 2.
Introduction
Many mechanical components inevitably contain some notches and geometrical irregularities. Moreover, these components are subjected to complex multiaxial loadings, which can result in the change of the principal stress directions and the ratio of the principal stresses at the notch areas [1, 2] . However, fatigue failure usually occurs at the notch area due to significant stress concentrations. Thus, fatigue life prediction of notched components under multiaxial fatigue loading is of great importance in practice.
Various kinds of methods have been proposed for predicting the fatigue life or notched components subjected to multiaxial loading [3] [4] [5] , these methods are composed of two principle steps, namely, multiaxial elastic-plastic stress and strain analysis at the notch area [6] [7] [8] and multiaxial fatigue life analysis. Although experimental measurement method and finite element analysis method can be used to obtain reliable stress and strain responses at the notch area, such methods are not feasible in practice because of cost and time considerations. Therefore, an efficient approach to the fatigue life prediction of notched component is an indispensable tool in the notched component design.
The main objective of the present paper is to develop a fatigue life assessment approach for the notched component, which is convenient for engineering design and application. In the proposed approach, the pseudo elastic strain histories are utilized as basic input data. For the pseudo elastic strain history, it is proposed that the equivalent strain amplitude can be replaced by the Shang-Wang multiaxial fatigue damage parameter to take account of the additional hardening due to the non-proportionality of external loadings. The real equivalent strain amplitude can be solved by using the Neuber's rule and the material stress-strain relationship. The validity of the proposed approach is assessed by the experimental data of SAE 1045 notched shaft specimens under proportional and non-proportional cyclic loading.
Proposed Approach for Predicting the Fatigue Lives of Notched Components
In this section, a new approach is proposed to predict the fatigue life prediction of notched components under multiaxial cyclic loading. The detailed procedure of the proposed approach is outlined as follows:
1. Determine the pseudo equivalent strain-real equivalent stress relationship by utilizing the Neuber's rule and the material stress-strain relation under proportional loading.
Neuber's rule:
where e e E σ ε ∆ = ⋅ ∆ , E is the elastic modulus, and the left-hand superscript "e" and "N" denote the pseudo and "real" quantity at the notch.
The material stress-strain relationship under proportional loading:
where n′ and K ′ are the cyclic strain hardening exponent and strength coefficient, respectively. From Eqs. (1) and (2), the pseudo equivalent strain-real equivalent stress relationship can be determined as follow:
2. Calculate the pseudo elastic strain history at the notch from the nominal multiaxial cyclic loading. The pseudo elastic strain history ( 
where ( ( ) ( )
where f σ ′ , f ε ′ , b , and c are the fatigue strength coefficient, fatigue ductility coefficient, fatigue strength exponent and fatigue ductility exponent, respectively. f N is the fatigue lifetime.
In order to accomplish the proposed approach for predicting the fatigue lives of notched components in this study, a computer program written in Fortran 95 is performed.
Experimental Verification
In order to check the accuracy and reliability of the proposed approach for predicting the fatigue lives of notched components, a number of fatigue test data on SAE 1045 steel under proportional and non-proportional bending and torsional loading were selected from the technical literatures [10] . The geometry and dimensions of the SAE 1045 steel notched shaft are depicted in Figure 1 . The bending-torsional fatigue test results of SAE 1045 steel notched shaft specimens are listed in Table 1 . The fatigue properties of the SAE 1045 steel are shown in Table 2 . A linear elastic FE analysis has been performed to determine pseudo elastic strain responses for the SAE 1045 steel notched shaft specimen. After the pseudo elastic strain histories are determined, the fatigue lives of the investigated SAE 1045 steel notched shaft specimen can be calculated by the proposed approach. Comparisons of predicted results with experimental data under proportional and non-proportional cyclic loading are shown in Fig. 2 . It is found that the predictive fatigue lives agree well with the experimental data, in which predictive lifetime errors are mostly within a factor of 2. The results indicate that the proposed approach can provide acceptable life prediction results for the SAE 1045 steel notched shaft specimens.
Summary
In the current study, a new approach is proposed to predict fatigue life of notched components subjected to multiaxial cyclic loading. The proposed approach can take account of the additional hardening due to the non-proportionality of external loadings. The experimental data of SAE 1045 steel notched shaft components have been utilized to verify the proposed approach under proportional and non-proportional cyclic loading. The results show the proposed approach can well predict fatigue lives for multiaxial cyclic loading, and most predictive results are falling within an error factor of 2.
